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57} ~ ABSTRACT

An arrangement for compensating the temperature co-
efficient of the semiconductor junction connected in a
circuit, comprising first, second, and third transistors of
the same predetermined type, each having a base-emit-
ter junction and operatively connected to have a re-
spective collector current, and a resistive voltage di-

~ vider having two ends in a center tap. The transistors

and the divider are operatively connected such that the
voltages of the base-emitter junctions of the first and
second transistors are summed and applied across the
ends of the voltage divider. The voltage from one end
to the center tap of the voltage divider is connected
across the base-emitter junction of the third transistor.
The collector current of the third transistor thus corre-
sponds to the geometric mean of the respective collec-
tor currents of the first and second transistors and is

- substantially less temperature-dependent than the col- -

lector current of the first transistor. The arrangement 1s
particularly useful in circuits for exposure measuring
and control in photographic devices.

6 Claims, 2 Drawing Figures
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CIRCUIT ARRANGEMENT FOR THE
COMPENSATION OF THE TEMPERATURE
COEFFICIENT OF SEMICONDUCTOR
JUNCTIONS

BACKGROUND OF THE INVENTION

The invention concerns a circuit arrangement for the
compensation of the temperature coefficient of semi-

conductor junctions.

It is known that the relationship between the collec-
tor current Ic and the base emitter potential Upg of a
transistor is strongly temperature dependent and it is
further known that this temperature coefficient 1s much
larger with small collector currents than with higher
collector currents.

This is of particular concern in the exposure measur-
ing and control circuits of photographic devices,
wherein the measurement or the control of the shutter,
respectively, is effected by means of the flow of a very
slight current produced by the incident light in a photo-
electric cell. The effect has recently been gaining addi-
tional importance, because the photoelectric cells are
becoming steadily more sensitive, i.e. they work with
constantly declining illumination levels, yielding corre-
spondingly lower signal currents.

The operating range of high performance photo-
graphic cameras at the present time frequently extends
to an exposure value of Ev—1 at 21 DIN or even lower.
This corresponds to a luminous density of 0.06 cd/m?.
Photographs of objects at night with a full moon are
thus possible. Generally, cameras capable of measuring

at such low luminances are equipped with Si photocell
because CdS photo conductive cells, due to their slug-
gishness at low luminances, cannot be used in such

cameras.

- Si photo diodes produce at such low luminances sig-
nal currents of a few pA only. The measuring range 1s
limited by the ratio of the signal current to the re31dual
current.

When this ratio dmps below an appmmmate factor of
10, accurate measurement of luminances is no longer
possible. Because slight residual currents in particular
are very strongly dependent on temperature, the range
of measurements may be specified, stnctly speaking, at
a gwen temperature only.

It is, however, practically impossible for the user of
such a high performance camera to decide, on the basis
of brightness and temperature, whether an exposure 1s
possible or not.

- The use of highly-sensitive films and wide-opening
lenses increases the danger that the user will make expo-
sures below the minimum luminance, leading to incor-
rectly-exposed images. Thus, for example, with a lumi-
nance of 0.06 cd/m2, a 36 DIN film, and a lens with an

~ aperture of 1:1.4, the exposure would be 1/15 sec., i.e.,

an exposure which under certain conditions may be
effected freely by hand. In other fields of applications of
these high-performance cameras, for example, opera-
tions photography, and microscope photography, the
minimum luminance is also reached very quickly and
the user should in such case be warned. |
There exists, however, the difficulty that the currents
provided by the photo diode, because of their wide
dynamic range, must be compressed. This is done, for
example, with the aid of a transistor in a logarithmic
circuit. Thereby arises the problem that the nearly tem-
perature-independent photo cell current 1s converted
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strongly dependent on temperature. .

Such a circuit could be extended to include a warning
device operable at the smallest permissible current
level, by incorporating a comparator having one input
supplied with the base-emitter potential Upg of the
logarithmic transistor and another input provided with
an adjusted potential from a voltage divider. This cir-
cuit has, however, the inherent disadvantage that its
indication is correct only at the temperature for Wthh

it is has been balanced.

To obtain correct indications from such a warning
device, it would be necessary to take the reference
voltage not from a temperature-independent resistive
divider, but from a divider having the same temperature

~ dependence as the base-emitter of the logarithmic tran-

sistor at the smallest photocell current to be indicated.
This may be effected either by means of an expensive
network of thermistors and balancing trimmers for the
reference voltage, requiring a relatively long time for
balancing, or by taking the reference voltage from a
semiconductor element of the type used in the logarith-
mic stage. The difficulty here lies in that the semicon-
ductor element must be supplied with a current as small
as the smallest photocell current to which the warning
device is to respond. This is likewise very difficult to
obtain. In addition, the comparator to be used would
require a very high impedance input, for example, a
FET input.

SUMMARY OF THE INVENTION

It is therefore an object of the invention to provide a
circuit having a warning device which avoids the
above-mentioned disadvantages.

The object is attained according to the invention by
adding to the base-emitter junction voltage Upg of a
transistor to be compensated the voltage Upgacross the
base-emitter junction of a second transistor of the same
type, and applying this total voltage by means of a
resistive voltage divider having a ratio of 1:1 across the
base-emitter junction of a third transistor of the same
type, so that the collector current of the third transistor
will correspond to the geometric mean value of the
collector currents of the first and the second transistor
and be independent of temperature. |

The advantages of this circuit are that, first, the pho-
tocell current is transformed into a current that is signif-
icantly larger and thus is more readily processed and,
second, the collector current of the third transistor 1s
1ndependent of temperature. |

It is desirable, however, that under certaln conditions
the collector current of the third transistor be not en-
tirely independent of temperature. In the case of an
exposure meter operating with Si photo diodes the re-
sidual currents of the photocell element strongly in-
crease with rising temperatures. This signifies a shift of
the minimum luminance for which the camera still oper-
ates with approximate accuracy to higher luminance
values. A suitable warning device must be able to fol-
low this shift with temperature of the minimum lumi-
nance. This may be obtained by imparting a certain
temperature dependence to the collector current of the
third transistor used for the activation of the warning
device, which may be effected by a suitable dimension-

‘ing of the voltage divider. If the divider ratio 1s made

asymmetrical, then any temperature coefficient desired
may be set between the maximum temperature coeffici-
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~ ent TK,,;x of the first transistor and the minimum tem-

perature coefficient TK,,;, of the second transistor.
These and other features of the invention are illus-

trated and explained in greater detail in the following

drawings and description of a preferred embodiment of 5

an exposure meter and control device for a reflex cam-
era with open diaphragm measuring the automatic tim-

Ing.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the basic circuit diagram of a preferred
embodiment of an exposure meter and shutter control
device according to the invention; and

FIG. 2 shows characteristic curves Ic/Ugg of a tran-
sistor at differing temperatures.

THE PREFERRED EMBODIMENT

In the circuit of FIG. 1, a resistor R1 in series with a
Zener diode Z1 ensures a stabilized voltage at the cath-
ode of a photo diode SBC.

The anode of the photo diode is applied to the gate of
a field effect transistor FET. A diode D1 provides for a
predetermined bias voltage at the source connection of
the FET.

Logarithmic transistor T1 draws current from the
photodiode SBC. The base-emitter voltage of T1 is
proportional to the logarithm of the photo-diode cur-
rent.

Transistors T2 and TS act as a current source. The
base connections of these transistors are connected to
one another and to the anode of a diode D2. Current
from a source of current CS is impressed on diode D2.
Because transistors T2-TS are all of the same type and
have essentially the same characteristics, the collector
currents of these transistors are inversely proportional
to the values of emitter resistors VR1, R5 VR2, and R7.

C1 1s a storage capacitor, coupled by means of a
switch contact S2 and a resistor R8 to the emitter of a
transistor T8.

Timing control transistor T9, following the opening
of short-circuit switch contact S3 and the closing of
~ starting switch contact S4, charges a timing condenser
C2 by means of its collector current. Comparator OP
has its non-inverting input connected to a voltage di-
vider consisting of series-connected resistances VR3
and R9, and having its inverting input connected.to the
timing condenser C 2. The coil of a holding electromag-
net M1, which controls the second shutter process in a
manner explained further below is connected to the
output of comparator C 2.

Resistors Rg, and R .4, are the resistances for the input
of the film sensitivity (DIN or ASA) and the prese-
lected aperture (f-stop), respectively.

Indicating diodes for the times (LED1 . .. LED14)
are connected to the outputs of an indicator unit DU.

The manner of operation of the circuit is as follows.

Upon depressing the shutter release trigger, switch
contact S1 is closed, and voltage is thus applied to the
entire circuit. A voltage, corresponding to the Zener
potential of the Zener diode Z1, is then established at
the cathode of the photo diode SBC.

The current generated by the photo diode SBC,
which is directly proportional to the intensity of illumi-
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age 1s established across transistor T1, which is propor-
tional to the logarithm of the current.

The base of transistor T1 is coupled by resistor R3 to
the emitter of transistor T6. The emitter current of
transistor T6 is regulated by current source T3, so that
a constant base-emitter voltage is established across
transistor T6 at constant temperature.

The tap of the DIN (film sensitivity) potentiometer
Ry 1s connected to the base of transistor T6. The volt-
age difference between the collectors of transistor T4
and T7 is constant, resulting from the three parallel-
connected resistors (Rsy, R4y, R4) and resulting from
the collector current of T4. The collector current of T4
1s set so that a change in the position of the wiper of
resistor R4, by the equivalent of one f-stop or that of
resistor Rg, by the equivalent of 3DIN results in a
change in potential of 18 mV at room temperature. This
potential may float within a wide range between nega-
tive and positive potentials. The reference point for this
voltage 1s the potential at the base of transistor T6.

The voltage at the collector of transistor T7 thus
represents information concerning luminance, dia-
phragm aperture (f-stop) and film sensitivity (DIN num-
ber). A voltage proportional to the number of aperture
settings (f-stops) between the largest possible aperture
and the selected aperture setting attained after trigger-
ing is subtracted from the voltage at the collector of
transistor T7 with the aid of potentiometer R 4,. |

The emitter current of transistor T8 is supplied by
current source TS so that a constant base-emitter volt-
age 1s established across transistor T8, provided that the
temperature remains constant.

The voltage at the emitter of transistor T8 is trans-
ferred by means of the resistor R8 to storage capacitor
Cl. |

The potential balance at this point then is as follows:

Uvri+Upger; +1B1-R3
—Upemg=Uci

Ugerg+ Usy— Uy

- where

435
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60

nation striking the photo diode, flows from the anode of 65

the photo diode by way of the collector of T1, trimmer
resistor VR1, and Zener diode Z1, back to the cathode
of photo diode SBC. In the process, a base emitter volt-

Uvypri 1s the voltage across resistor VR,

UpEr 1s the base-emitter voltage across transistor T1,

Ip) is the base current of transistor T1,

UBETs1s the base-emitter voltage across transistor T6,

Usy1s the voltage from the center tap of resistor Ry,
to the collector of transistor T7, | |

U4y 1s the voltage from the center tap of resistor R4y
to the collector of transistor T7,

Upg7y is the base-emitter voltage across transistor T8,
and

Uc 1s the voltage applied across capacitor C1.

The voltage 151-R3 may be neglected, because even
when the collector current of transistor T1 is high (max-
imum approximately 10 A), only a very small base
current 131 flows, due to the high gain of transistor T1.

When transistors T6 and T8 are of the same type and
have substantially equal emitter currents, then the base-
emitter voltages of transistors T6 and T8 are equal and
cancel each other in the equation, given above.

Further, Up,—U4y, may be substituted for Uggm,
the expression representing a voltage proportional to

~ the logarithm of the luminance to be measured (Upg,),

reduced by the transparency of the lens (Uy,,). Then

Uvri+ Ugy— Ugo+ Usy— Ugy=Uci= UBE}";
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where Upgry is the base-emitter voltage across transis-
tor T9. |

Setting Upgro=U7, and combining the expression
Usvo+ Ugy= Uy, yields

Uyri+ Upy+ Usy— Uav=Ury

This equation is directly analogous, with the excep-
tion of the expression Upr) to the known exposure
equation in the APEX system of:

BP+SP=AP+_TP

wherein
=a voltage proportional to the bri ghtness of the
object
S,=a voltage porportional to the sensitivity of the
film,

10

15

'Apza voltage proportional to the diaphragm open- |

ng,
- and

T,=a voltage proportional to the exposure time.

The additional voltage Uyr; results in a shift of the
operating range of transistor T9 to higher collector
currents. Transistor T9 is an antilogarithmic element.
The voltage Upgry= Ucy across the base-emitter junc-
tion of transistor T9 results in a collector current
through T9 following the triggering and closing of the
starting switch contact S4, this collector current charg-
ing the timing capacitor C2. When the voltage at the
inverting input of comparator OP reaches the magni-
tude of the voltage at the non-inverting input, the out-
put of comparator OP reverses polarity and blocks the
flow of current through the coil of holding electromag-
net M1. This releases a second shutter curtain which in
turn closes the image aperture.

The basic circuit described above is supplemented
with a warning device which, in keeping with the in-
vention, affords temperature compensation. For this
purpose, a voltage divider R10/R11 is connected be-
tween the base of transistor T6 and the emitter of tran-
sistor T1. The base of transistor T10 is coupled to the
connecting point of the two resistances, i.e., to the cen-
ter tap of the voltage divider. The emitter of transistor
T10 is connected to the emitter of transistor T1, while
the collector of transistor T10 is coupled by variable

resistor VR4 to the positive power supply terminal. The
base of transistor T11 is also connected to the collector

of T10, while the emitter of transistor T11 is joined with

the emitter of transistor T10. The collector of transistor
T11 controls, by means of resistor R12, the base of the
- transistor T12, the collector circuit of the latter having

‘a current-limiting resistor R13 and a warning device
comprising a light-emitting diode LED 15.

As may be seen, the current I¢ supplied by the photo
diode SBC is completely taken over by transistor T1, so
that Icy=10.

The following relationship exists between the collec-
tor current Ic and the base-emitter voltage Upgg of a
transistor:

or with Ur=(k-T/q)

wherein
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6

Is=reverse saturation current of the base-emitter
junction

q=elementary charge

k=Boltzmann constant

T =absolute temperature

Ur=thermal voltage

Resolving the last-mentioned equatlon for Upkg yields

Ugp=Ur1n Ic/Is

The base-emitter voltage of transistor T1 is thus di-
rectly proportional to the logarithm of the photocell
current.

In order to activate a warning device to indicate the
lower limit of the measuring range, the luminance signal
must be tapped and compared with a reference value.

The luminance signal in the circuit of FIG. 1 1s pres-
ent in the form of the base-emitter voltage of transistor
However, this voltage is highly temperature-
dependent, as indicated by the characteristic curves of
FIG. 2. This dependence on temperature could be ren-
dered ineffective by imparting to the reference voltage
the temperature dependence of the base-emitter junc-
tion. This is fundamentally possible, for example, with a
network of temperature-dependent resistances, but is
relatively costly if the temperature dependence is to be
simulated with even approximate accuracy. Another
p0551bi1ity is to generate the reference voltage by feed-
ing a current into a semiconductor junction such as, for
example, a second transistor. But because of the varia-
tion of the temperature coefficient of the base-emitter
voltage Upg with the collector current, this has the
disadvantage that the reference current must be as small
as the smallest signal current, i.e., a few pA.

The adjustment of such a small current likewise re-
quires relatively costly electrical equipment and there 1s
great danger of interference with this current from
electrical or magnetic effects.

The necessary temperature compensation is attained
according to the invention in a much simpler manner.

If not only the base-emitter voltage of transistor 11
but also the voltage between the base of transistor T6
and the emitter of transistor T1 is employed to activate
the warning device, and if a voltage divider comprising
two resistors of equal value (R10 and R11) is connected
across the latter voltage, then a voltage

Upem + UBETE
Upeno=—""—"—">73

will be provided across the base-emltter junction of
transistor T10. Voltage Upgrioincludes the luminance
signal with only one-half sensitivity, because the base-
emitter voltage Upg of transistor T6 is constant as the
result of the regulation of the collector current Ic of
transistor T6.

Forward biasing of transistor T10 with voltage
UgEerg vields a collector current Icrg of

Ugem + UBETS (1)

UBeTio = 5
with
Y | 2
Upen = Urln bk @)
Is
Icrs

(3)

UBETB — UTII‘I IS
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-continued
Icrio

Is

4)

Uperio = Urln

Ths substitution of Equations (2) and (3) into Equation
(1) yields

Icre
Is

Icr
Ig

Urln

+ Urln
2

- Icrmo
Is

= {rln

Because all three transistors (T'1, T6 and T10) are simi-
lar:

Un=Urs=Uno=Urand Is=Isps=IsT10=1Is

Icn Icte Icno
AUTI In Ts +4 In Ts = Urln Te
} Ur(Iln Icr—In Is+In Icpg—1n Ig)=Ur (In
IcTi0— Inig)

2 In IcryIcrg—In Is=1n Icig—1n Is

$ In Icn-Icre=1n IcTio

Icrip = “I Icn - Icte

Thus, the collector current Icyo of transistor T10
corresponds to the geometric mean of the two currents
Icm and Icrgand is completely independent of tempera-
ture, because all of the temperature-dependent parame-
ters, such as Urand Ig, are mutually eliminated.

When, for example, the photocell current at the limit
of the measuring range is I=I¢c71 =40 pA and current
Ic76=10uA, then transistor T10 has a collector current
of

Icrio = N40.10-12.10. 10-6

ICT]0=ZO nA

If the trimmer resistance VR 4 is adjusted so that with
this current the transistor T11 is still blocked an the
light-emitting diode LED15 therefore emits no light,
then the further reductions of the luminance the base-
emitter voltage Upg of transistor T10 declines so that
the collector current Ic0 becomes smaller; because of
the reduced voltage drop across VR4 transistor T11 is
rendered conductive and LLED51s caused to light up by
means of transistor T12.

As can be seen from FIG. 2, temperature changes
have no effect whatsoever on the limits of the indication
of LEDis, because the collector current of transistor
T10 1s symmetrical with respect to currents Icp; and
Ic7¢. That is, for example, when Ic=40 pA, and
Ic76=10pA, then I¢c710=20 nA. If, in this example, a
change in temperature from 4-22° C. to +60° C. is
assumed, the base-emitter voltage of transistor T6
(UpETy) is shifted by about —45 mV and the base-emit-
ter voltage of transistor T1 (Uggry) is shifted by about
—115 mV. This means that the base-emitter voltage
Upgkg of transistor T10 changes by the mean value of

4,284,334
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As can be seen from FIG. 2, the collector current
Ic710 remains constant with a change in Upggrg of —80
mYV, during the abovementioned change in temperature.

As mentioned earlier, the limit of the measuring range
1s strictly valid only for a given temperature, for exam-
ple, room temperature. With rising temperatures, the
residual currents of the Si element increase so that then
the upper limit of the measuring range corresponds to a
higher luminance.

If 1t 1s destred to take into consideration that shift of
the warning limit with temperature, this may be accom-
plished 1n the circuit of FIG. 1 in the following manner:

If the voltage between the base of T6 and the emitter
of T1 is divided not in a ratio of 1:1, but approximately

R10/R11=0.8/1

then because of the higher base-emitter voltage of T10
and upon reaching the limit of the measuring range, a
collector current I¢c7ig higher than in the case of the
symmetrical diviston of the voltage will result.

With rising temperatures, the two base-emitter volt-
ages of T1 and T6 are shifted in accordance with the
characteristic curve in FIG. 2. |

However, because the voltage divider R10/R11 is
independent of temperature, this unsymmetrical divi-
sion at high temperatures results in a base-emitter volt-
age Upg for transistor T10 corresponding to a smaller
collector current than at room temperature.

The following example 1s intended to demonstrate
this condition:

At room temperature (20° C.), for a current of

Uprg = 665 mV
Uger = 355 mV
- Ug = 1020 mV

Icg = 10 pA
Ic1 = 40 pA

If this voltage is divided in the ratio of

R10/R11=0.8/1.0

then the base-emitter voltage across transistor T10 will
be

1,0
0.8 4+ 1.0

N R11 B
Uperio = Ug* RTo + RIT- = 1020 mV

= 567 mV

As seen from FIG. 2, Uggr10=567 mV corresponds to
a collector current of Ic7190=200 nA.

The warning device is set to activate at this current
level by means of adjusting resistor VR4.
If now the temperature rises to 60° C., the base-emitter
voltage varies by |

Icrg = 10 pA —  Upgpy = 623 mV
Uper = 237 mV
len = 0PA ~ =30 mv

A base-emitter voltage of

]

BE L1 - 478 mV

UBEﬂU = 860 mV
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is then obtained across transistor T10 with the ratio of
divider R10/R11 unchanged.

This base-emitter voltage, however, now corre-

sponds to a collector current of Icg=100 nA; i.e., the
collector current is diminished with this rise in tempera-
ture by a factor of 2 or, expressed differently, the warn-
ing device is activated at a higher photocell current.

I claim:

1. An arrangement for compensating a temperature
coefficient of a semiconductor junction connected in a
circuit comprising: |

first, second, and third transistors of the same prede-

termined type, each having a base-emitter junction;
means operatively connected to said transistors for
providing a respective collector current; and

a resistive voltage divider having two ends and a

center tap,

wherein said transistors and said divider are opera-

tively connected such that the voltages of the base-
emitter junctions of the first and second transistors
are summed and applied across the ends of said
voltage divider, the voltage from one said end to
said center tap connected across the base-emitter
junction of said third transistor, whereby the col-
lector current of said third transistor corresponds
to a geometric mean of the respective collector
currents of said first and second transistors and is
substantially less temperature-dependent than the
collector current of said first transistor.

2. The arrangement of claim 1, wherein a ratio of the
resistances between the center tap and the respective
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ends of said voltage divider is 1:1, whereby the collec-
tor current of said third transistor is substantially inde-
pendent of temperature. |

3. The arrangement of claim 1, wherein said voltage
divider is asymmetrical and is connected such that the
collector current of said third transistor is related to a
predetermined temperature coefficient dependent on
the divider ratio of said voltage divider.

4. The arrangement of claim 3, wherein said predeter-
mined temperature coefficient is adjustable between
limiting values of respective temperature coefficients of
the first and second transistor base-emitter junctions.

5. The arrangement of claims 1, 2, 3, or 4, wherein the
base of said first transistor is coupled to the emitter of
sald second transistor, the base of said second transistor
is coupled to one end of said voltage divider, the base of
said third transistor is coupled to the center tap of said
voltage divider, and the other end of said voltage di-
vider is coupled to the emitters of said first and third
transistors.

6. The arrangement of claim 3, wherein said circuit
comprises an exposure measuring and control circuit for
a photographic device, further comprising:

a photoelectric element connected for providing the

collector current of said first transistor; and
circuit means coupled to the base of said second tran-
sistor for controlling a shutter of said photographic
device, said circuit means having manually-adjust-
able means for input of aperture and film sensitivity

information.
* - x * X
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